This paper presents the results of a calibrated 1D/2D coupled model simulating surface and sewer flows in Barcelona. The model covers 44 km 2 of the city land involving 241 km of sewers. It was developed in order to assess the flood hazard in the Raval district, historically affected by flooding during heavy rainfalls. Special attention was paid to the hydraulic characterization of the inlet systems (representing the interface between surface and underground flows), through experimental expressions used to estimate the effective runoff flows into the sewers in case of storms. A 2D unstructured mesh with more than 400,000 cells was created on the basis of a detailed digital terrain model. The model was calibrated and validated using four sets of well-recorded flooding events that occurred in 2011. The aim of this paper is to show how a detailed 1D/2D coupled model can be adequately calibrated and validated using a wide set of sewer sensors and post-event collected data (videos, photos, emergency reports, etc.). Moreover, the created model presents significant computational time savings via parallel processing and hardware configuration. Considering the computational performances achieved, the model can be used for real-time strategies and as the core of early warning systems. Key words | 1D/2D coupled modeling, dual drainage, sewer and overland flows calibration against floods and water pollution. With two main toolshydraulic regulation and real-time control -Barcelona is nowadays one of the cities with the most advanced management of drainage systems. However, notwithstanding the big efforts carried out in the last two decades (several sewer pipes and facilities were redesigned and improved for a 10year return period), flooding problems still occur in the case of heavy storm events causing damage to assets and 473
INTRODUCTION
CORFU Project (COllaborative Research on Flood resilience in Urban areas; www.corfu7.eu) is an interdisciplinary project funded by the European Commission with the aim to improve the practice of urban flood risk management. In this context, eight case studies in Europe and Asia have been developed with the main objective to analyze and improve resilience of cities to flood impacts. One of the case studies is Barcelona in Spain. The average annual precipitation in Barcelona is 600 mm, but the 5-minute, 10year design storm intensity is 204.7 mm/hour, and it is not rare for 50% of the annual precipitation to occur during two or three rainfall events. The morphology of Barcelona close to Collserola Mountain contains areas with high gradients (with an average of 4% and maximum values of 15-20%) and other flat areas near to the Mediterranean Sea with mild slopes (less than 1%) and several spots susceptible to flooding. This morphology produces flash floods in the lower part of the city in the case of heavy storm events. Owing to the adverse rainfall patterns, the morphological characteristics, and the high density of population and impervious surface, it is clear that drainage in Barcelona is of special relevance.
In the 1990s, a specific company responsible for the management of the Barcelona sewer system, Clavegueram de Barcelona S.A. (CLABSA), was created, and the drainage of the city was transformed in order to be more effective people in some critical points of the city. These flooding problems are produced by sewer floods and by the runoff that is not collected by the sewers due to a poor surface drainage capacity.
A specific area of Barcelona, the Raval district, was selected as a case study, considering, for the whole area, a flood risk assessment based on a hazard and vulnerability evaluation. The Raval district, with almost 50,000 inhabitants in an area of 1.09 km 2 , is one of the most densely populated areas in Europe (approximately 44,000 inhabitants/km 2 ). The district area is highly impervious with several vulnerable elements (such as schools, hospitals, and major highways). It represents a critical point of the city where stormwater not conveyed into the sewer network and overflows from sewer manholes are stored (Figure 1) . Moreover, the hydrological response time of Raval district catchment is very short (less than 30 minutes). Traditional 1D sewer models used by CLABSA during recent years were unable to adequately describe flooding in the Raval district and the causes producing these problems (large runoff volumes not conveyed into the sewers coming from upstream catchments). Even if it is clear that the choice between using a 1D surface network model or a 2D surface system model determines the accuracy of results and the computational time required to obtain them, when the flow overtops the curbs in the streets and it does not remain within the street profile, using a 2D model is crucial (Mark et al. ) . Considering that Raval district is located in a very flat area and that many urban areas are occupied by pedestrian areas and squares (without curbs and preferred runoff direction), the need for a detailed coupled 1D/2D approach is evident (1D for underground sewer network model and 2D for overland flow) in order to correctly take into account surface flows coming from upstream catchments and the interactions between the two drainage layers (known, respectively, as 'major system' formed by streets, sidewalks, squares, etc. and 'minor system' formed by the sewer network). Moreover, the significant information available for the Barcelona case study in terms of sewer elements (such as pipe sections, topographic data of manholes and inlets, and hydraulic performance of inlets systems), rainfall series data provided by a dense rain gauge network, This paper shows the main results and features concerning the creation and the calibration of a detailed 1D/2D coupled model able to provide realistic simulations of flooding produced by heavy storm events in the Raval district and the elaboration of hazard maps on the basis of the local estimation of the flow parameters (flow depth and flow velocity). In particular, the model was calibrated and validated using a wide set of rainfall time series, water depth time series coming from a distributed sensors network, and post-event collected data (videos, photos, emergency reports, etc.) . Moreover, speeding-up strategies focused on parallel processing and hardware advances were implemented in the model, reaching very high computational performances. All these aspects demonstrate that 1D/2D detailed and realistic models can be developed and calibrated on the basis of collected sensors and field data and can be used for real-time strategies and as the core of early warning systems in complex and vulnerable urban areas like Barcelona.
MATERIALS AND METHODS
General aspects for the creation of a coupled 1D/2D urban model (Kandori & Willems ) . Currently, a 1D/2D coupled model represents a powerful tool to describe, in a very realistic way, the hydraulic behavior of urban areas suffering flooding problems due to the excess of runoff not conveyed by the drainage networks. However, in order to ensure good and detailed results, it is not sufficient to have a technologically advanced tool for the calculation concerning hydrological and hydraulic processes, but several other aspects must also be carefully considered, such as the following:
• Detailed topographic data able to reproduce complex urban morphologies.
• Methodologies able to take into account flow interchanges between the two layers of drainage (surface and underground layers).
• Rainfall and flow/flow-depths records for the adjustment of the model parameters in the calibration phase and for the results validation. Figure 3 ) in order to obtain specific weighted efficiency coefficients. Hydraulic efficiency of each type of grate was estimated as follows:
where, c wei is the specific weighted efficiency coefficient for the type grate i (from 1 to 8); E Barcelona1 is the hydraulic efficiency of the grated inlet Barcelona 1 (where efficiency is defined as the ratio between the flow captured by the grated inlet and the flow circulating in the gutter); and E i is the hydraulic efficiency of the grated inlet type i.
Combining street geometric configurations and the types of grates c wei range varies from 1 to 2.1.
Once the hydraulic performance of each inlet was estimated through empirical expressions, a further efficiency reduction was applied using a clogging factor of 50% that was uniformly applied to all inlet types and all geometric configurations in order to take into account possible reduction of the hydraulic efficiency due to blockage of grated inlet void areas during storm events (Gómez et al. ) .
Creation of the 1D/2D coupled model
Dual drainage modeling cannot be adequately represented without a careful consideration of hydraulic efficiency of 
where, Q is the discharge (m 3 /second); C d is the discharge coefficient; g is the acceleration due to gravity (m/ second 2 ); B is the width of the weir (m); D u is the upstream depth with respect to the crest (m).
For submerged flow, the equation is as follows: 1=2 ( 3) where, D d is the downstream depth with respect to the crest with D d greater than zero (m).
For more information see BS3680 (Part 4A) (BS ).
• Gully 2D: exchange of water between the 2D manhole and the mesh is calculated using a specific 'head/dis-
In the proposed model, the manholes present either flood type '2D'or 'Gully 2D'. Specifically, the manholes outside of the Raval district were characterized as with a '2D' flood type. In this area, only the main network was considered for the model, and consequently, inlet system capacity was neglected (flow interchanges occur through manholes regardless of inlet system capacity). In this case, a flooding discharge coefficient of 0.5 was adopted according to several papers that suggest this value to characterize the interaction between surface and sewer flows (Leandro (Figure 7, left) ); and the other one representing flow exchange from 1D sewer to 2D surface due to a 'negative' head gradient (i.e., when piezometric head in the manhole is above the water level on the surface due to high pressure in the manhole (Figure 7, right) ). In the As mentioned, flow interchanges were simulated through manholes (nodes) although they occur through the inlets too. ICM allows a manhole to be treated as a set of inlets defining the 'number of equivalent inlets' n eq for each Gully 2D. n eq is a scaling factor used to multiply the discharge values of the head/discharge tables that for this model were calculated using the following equation:
where, n eq is the integer number of equivalent inlets associated with a Gully 2D node; n i is the number of inlet with type i (i ¼ 1, …, 8) associated with a Gully 2D node.
Head/discharge tables for the inlet Barcelona 1 were defined for several geometric conditions and were related to each Gully 2D node.
To determine the number of inlets associated with each Gully 2D node, the 'micro-catchments' were defined as the portion of the 2D surface (containing grated inlets) related to each Gully 2D node. As shown in Figure 8 , micro-catchments covered the 2D domain formed by streets, squares, parks, and other green areas excluding buildings that were directly connected to sewer systems. These micro-catchments were defined generating overland flow paths through GIS tools according to the following steps:
• Generation of a Digital Surface Model considering the height of the building in order to achieve the effective flow paths. flow while there still is capacity available in the below-ground sewer (but there is a limit to how much flow can enter the sewer imposed by the inlet). On the right, water level in the below-ground sewer rises and flows out on to the catchment surface (but there is a limit to how quickly it can do this, again imposed by the inlet). only one micro-catchment is generated for the narrow streets generally occupied by pedestrian areas with gradients toward the central axis of the street.
• Definition of 'potential micro-catchments' using ArcGIS Spatial Analyst and Watershed Delineation (ArcGIS v.10).
• Definition of 'final micro-catchments' through a specific tool created by Aqualogy Urban Drainage Direction to associate each 'micro-catchment' with the Gully 2D node with the lowest level inside it. In case no Gully 2D node is found inside the micro-catchment, its area and limit are merged to the downstream micro-catchment.
The hypothesis is made that flow interchanges occur only through the cells where this element (Gully 2D) is placed, assuming for this point all the interception capacity due to the equivalent inlets of the micro-catchment discharging into the Gully 2D node. It is clear that the model will be more realistic when micro-catchment size is small.
2D domain of the Raval district was divided into 432 micro-catchments with approximately 3,000 equivalent inlets. It means that for each micro-catchment, an average of seven equivalent inlets were associated.
Calibration and validation processes
Calibration is the procedure for ensuring an acceptable level of confidence in a model's ability to accurately represent the real system. It refers to the whole process of ensuring that a model behaves as similar to the real system as possible. The main undertaking in calibration process is the adjustment of model parameters in order to minimize the differences between simulated results and observed measurements.
For urban surface runoff models, it is recommended that at least three events are used (DHI ). The use of more events in the calibration would increase the overall reliability of the model. From the available data, some are used for parameter estimation (calibration) while others must be kept for model validation.
The comparison of simulations against observations may be done in many ways and on different aspects, i.e., focusing on different qualities of the data in the comparison. Calibration with statistical analysis generally calculates root mean squared error as a statistical measure of deviation between measured and simulated time series.
where, RMSE is the root mean squared error; Meas j is the measured (observed) flow depth at time j; Sim j is the simulated flow depth at time j; n is the number of time steps in the calibration/validation period.
Another statistical measure of deviation used in the statistical analysis was the coefficient of determination as follows:
where, R 2 is the coefficient of determination; Meas j is the mean value of the measured (observed) flow depths during the calibration/validation period; Sim j is the mean value of the simulated flow depths during the calibration/validation period.
Finally, peak error (PE) and time to peak error (TPE) are expressed as follows: 
Calibration of the model
Once sensitivity analysis was terminated, calibration and validation processes were carried out. CLABSA Exploitation and Maintenance Department provided rainfall data for the calibration of the 1D/2D Raval model. Spatial rainfall distribution was applied considering rainfall data coming from 11 rain gauges of CLABSA network (Figure 4 ).
Owing to the recent significant changes of the Barcelona sewer system (new infrastructure such as pipes and tanks were built in the period 2008-2010), only rainfall events in the year 2011 were selected. According to the literature, three storm events were selected for the calibration process, while another one was selected for validation. The main characteristics of these events are shown in Table 1 . The maximum values and the return periods T in parentheses refer to one of the 11 rain gauges of CLABSA network.
Flooding reports and 29 water level gauges located in manholes and conduits of the analyzed domain were used for the calibration/validation processes (Figure 1) . Specifically, flow-depth series calculated by the model were compared to flow-depth series recorded by the water level gauges.
Several ultrasonic flow meter gauges were installed in the Barcelona sewer network during the last years. Specifically, one of these flow meters is located inside the domain of analysis of the 1D/2D Raval model, but it has been operating since November 2011, so its data were not used for the calibration/validation processes.
The 1D/2D coupled model was calibrated mainly on the processes related to urban surface runoff and flow propagation. Regarding the areas directly connected to underground sewers, the following standard parameters in rainfall-runoff models were adjusted in the calibration:
• Hydrological losses. Specifically, wetting and storage losses were considered for impervious areas, while for pervious areas infiltration losses were taken into account using Horton's equation (Horton ).
• Surface roughness coefficients.
• In the sewers, the continuous friction loss and the head losses due to turbulence at singularities of the network (entrances of storage tanks, jumps, etc.).
For the 2D overland flow, the adjusted calibration parameters were as follows:
• Hydrological losses.
• Routing parameters (cells size, cells roughness coefficients, and representation of the area excluded by 2D domain).
The parameters related to 2D overland flow play an important role in the calibration process, and they were selected through a sensitivity analysis presented in the previous section.
Some of the results concerning several sensors located in the Raval district (P-AV65 and BR-CL205) and upstream from it (P-FW147, P-DS44, P-YD, and P-IV35.1) ( Figure 9) are shown in Figures 10-16 and summarized in Table 2 .
Specifically in Figures 10-13 , calibration results concerning four monitored manholes in Parallel Avenue of the Raval district (P-AV65 and BR-CL205) and Diagonal Validation data of all these sewer facilities are shown in Figure 16 .
Statistical analysis according to a previous section was carried out by calculating all the parameters previously described. A summary of this analysis is shown in Table 2 .
In general, results show a good agreement between measured (observed) and simulated values. For less extreme events differences seem to increase. For the sewer features located in the Raval district, this behavior Figure 19 ).
COMPUTATIONAL SETTING
Historically, 1D/2D coupled models were considered too computationally demanding, so their use was restricted to those parts of the catchment where overland flow pathways could be multi-directional or could not be easily defined. All these new advances were used in the Barcelona coupled model and a computational analysis was carried out considering the following hardware configurations for a specific simulation of 3 hours, with storm duration of 1 hour:
1. Workstation with 64-bit operating system (Windows 7) and 2 Gb of RAM memory.
2. Virtual server in a blade system with 64-bit operating system (Windows 7), 2 Gb of RAM memory, and 4 CPU Intelxeon in order to exploit the software capacity to support full multi-core processing.
3. Workstation with 64-bit operating system (Windows 7), 2 Gb of RAM memory, 4 CPU Intelxeon for multi-core processing, and a specific GPU card that plays an important role during the treatment of the 2D calculations.
The results of this analysis showed that run time varies from several days (6-7 days) for Configuration 1, to several hours (5-6 hours) for Configuration 2 and a few minutes 
